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Abstract - 

The nucleotide sequence of the E-3 region genes, the hexon associated protein pVin genes, and part of the fiber 
genes coding for the N-terminal tail regions, of porcine adenovirus (PAY) types 1 and 2 were detennined. The sizes 
of the E-3 regions were found to be 1162 and 1222 bp, respectively. The five open reading frames (ORF) encoded 
within the sequenced regions of PAY types 1 and 2 shared a high degree of homology with the published sequences 
of the corresponding ORFs of PAV-3. The E-3 regions of PAY types 1, 2 and 3 were further characterized by 
Northern blot analysis and 5' and 3' end mapping of the transcripts by SI nuclease analysis. The results of these 
experiments indicated that the E-3 regions in these three viruses are shorter and simpler in organization than the E-3 
re^ons of human adenoviruses. A potential promoter for the E-3 regions of these PAYs was identified. 

Keywords: Porcine adenovirus; Shorter and simpler early region 3 



1. Introduction 

Porcine adenoviruses (PAVs) are currently 
classified into five serotypes (Derbyshire et al., 
1975; Hirahara et al., 1990). The proposed use of 
PAVs as viral vaccine vectors, particularly for the 
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induction of mucosal immune responses against 
enteric viral antigens in pigs, has stimulated inter- 
est in the molecular genetics of these viruses. The 
cloning and physical mapping of the DNA of 
serotypes 1-5 (Reddy et al, 1993, 1995b; Kld- 
boeker et al., 1993; Tuboly et al., 1995) and the 
nucleotide sequence analysis of the inverted termi- 
nal repeats (TTR) of all five serotypes (Reddy et 
al., 1995c), and of the E-3 region of PAV-3 and 
PAY-4 (Reddy et aL, 1995a; Kleiboeker, 1994) 
have been reported. 



Oi68-l702/96/$l5.00 © 1996 Elsevier Science B.V. All rights reserved 
P// S0168-1702(96)01336-6 



e ■ . c 

Reddy et aL / Virus Research 43 (1996) 99-109 



While PAV types 1-3 are readily distinguished 
by virus neutralization tests, with no significant 
cross reactivity (Derbyshire et al., 1975). all were 
isolated from the same region of the U.K. during 
the same period (Clarke et al., 1967), and the data 
available on their restriction enzyme analysis and 
ITR sequences indicate a close genetic relation- 
ship (Garves and Xuan, 1989; Reddy et al., 
1995c). 

We are proposing to use PAV 1-3 as expres- 
sion vectors for foreign genes in swine. The con- 
struction of recombinant PAV-1, 2 and 3, each 
expressing a foreign antigen gene from a pathogen 
would enable the use of one serotype for primary 
immunization and the other two serotypes for 
subsequent immunizations. As such the immunity 
against one PAV serotype would not interfere 
with the repUcation of another serotype express- 
ing the same foreign gene. The sequence analysis 
of the E-3 region and the neighbouring pVIII and 
fiber re^ons of the PAV-3 genome was described 
recently (Reddy et aL, 1995a). In the present 
paper we report the nucleotide sequence analysis 
of the pvni, E-3, and part of the fiber coding 
regions of the genomes of PAV-1 and PAV-2, and 
Northern blot analysis and 5' and 3' end mapping 
of the E-3 transcriptional unit of the E-3 regions 
of PAV 1-3. 



2. Materials and methods 

2.1. Viruses and preparation of viral DNA 

The 25R strain of PAV-1, the A47 strain of 
PAV-2 and the 6618 strain of PAV.3 were propa- 
gated in secondary pig kidney (PK) cells. Intracel- 
lular viral DNA was extracted by the method of 
Hirt (1967). 

2.2. Primers, FCR and DNA sequencing 

The sequence of the pVIII and fiber genomic 
regions of PAV-3 (Reddy et al., 1995a) was used 
to design primers specific to the 3' end of the 
pVin and the 5' end of the fiber genes. These 
were synthesized at the Regional DNA Synthesis 
Laboratory, University of Calgary, Calgary. The 



sequence of the primer specific to the 3' end of 
pVin was 5'-ACGGACTCTGTAGCAGG-3', 
and that of the 5' end of the fiber gene was 
5'-GTAGACTGGATCGAAG-3'. The E-3 re^ 
gions of PAV- 1-3 were amplified by the poly- 
merase chain reaction (PCR), using 
approximately 10 ng of DNA template, 30 pmol 
of each of the two primers, and 2.5 U Tag poly- 
merase (BRL) with the following temperatures: 
denaturation at 94'*C (1 min), aimealing at 55*C 
(1 min) and extension at 72*'C (1 min). The prod- 
ucts were analyzed on agarose gels, purified, blxmt 
ended with T4 DNA polymerase, and cloned into 
pGEM-73Zf( + ). A nested population of overlap- 
ping deletion clones was made using exonuclease 
ni and the sequence of one strand was deter- 
mined by the dideoxy nucleotide chain termina- 
tion technique using these deletion clones. The 
sequence determination of the other strand and of 
both strands of the gene coding for pVIII and 
part of the fiber coding region was done from the 
cloned genomic fragments at the Mobix Sequence 
Facility, Hamilton, Ontario. 

2.3, RNA preparation 

PK ceDs grown in Petri dishes were infected 
with 5-10 plaque forming units (pfu) per ceU of 
PAV-l, 2 or 3 and incubated for 2-16 h. Total 
cellular RNA was extracted from mock mfected 
or PAV infected cells with add guanidinium thio- 
cyanate-phenol-chlorofpnn mixture as described 
by Chomczynski and Sacchi (1987). Polyadeny- 
lated RNA was selected by passing RNA over 
oligothymidylic acid cellulose colimms. 

2.4. Northern analysis 

The total RNA extracted from the mock and 
virus infected cells was separated on 1% agarose- 
formaldehyde gels and transferred to Nytran 
membranes (Sambrook et al., 1989). The blots 
were prehybridized, hybridized and washed as 
described (Sambrook et al., 1989). The DNA 
fragments spanning the E-3 regions, labelled with 
[a-^^]dCTP by the random primer labelling 
method, were used as probes. 
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2,5. Nuclease protection 

To prepare the probes, the selected fragments 
of DNA were digested with the appropriate en- 
zymes. They were either 5' end labelled with [y- 
32p]ATP, using polynucleotide kinase, or 3' end 
labelled with [a-^^]dCTP with the Klenow frag, 
ment. The labelled DNA was digested with a 
second enzyme to remove the label at one end and 
the desired fragment was isolated from the gel. SI 
nuclease protection assays were performed ac- 
cording to Berk and Sharp (1977). Approximately 
200 /ig of RNA from mock or PAV infected cells 
8 or 9 h post-infection (p.i.), depending on the 
serotype, were used. Hybridization temperatures 
were chosen depending on the GC content of the 
probe. Samples were treated with 200 U of SI 
nuclease at 37*'C for 1-2 h to digest the unhy- 
bridized portions of the RNA and DNA, SI 
nuclease reactions were analyzed on 6% acry- 
lamide/8 M urea sequencing gels. 



3. Results 

3 J. Features of the established sequences 

Two primers were used to amplify the E-3 
regions of PAV-1 and PAV-2 and the products 
were approximately 1.1 kb each (data not shown). 
The polymerase- chain reaction (PGR) products 
were cloned into plasmids. Sequencing of these, 
and the appropriate cloned gaiomic fragments of 
putative pVIII and fiber genes, viz. the Kpnl-Sn- 
flBI and SnaW^-BamWi fragments of PAV-1 and 
the I^nl-BamYSl and BamHl D fragments of 
PAV-2, revealed that the sizes of the E-3 regions 
of PAV-1 and PAV-2 were 1 162 and 1222 bp, 
respectively. The DNA sequences of the r-strands 
are given in Fig. 1. The sequenced region from 
PAV-1 had five open reading frames (ORF) on 
the r-strand with a coding potential for more than 
50 amino adds (aa), while PAV-2 also had five 
ORFs which could encode polypeptides of 44 or 
more amino adds. The number of ORFs on the 
1-strand varied from two in PAV-1 to four in 
PAV-2. A TATA box was located between nucle- 
otides (nt) 356 and 359 within the body of ORF-1 



in both PAV-1 and PAV-2. One canonical 
polyadenylation signal was found at the end of 
the E-3 of PAV-1 and PAV-2 (Fig. 2). The nucle- 
otide sequences of PAV-1 and PAV-2 were com- 
pared with each other and to the corresponding 
published sequence of PAV-3 (Reddy et al., 
1995a), The nucleotide sequence homology be- 
tween the sequenced regions of PAV-1 and PAV-3 
was 96.1%. while between PAV-1 and PAV-2, and 
between PAV-2 and PAV-3, the homologies were 
91.7% and 91.3%, respectively. 

ORFs 1-4 on the r-strand of PAV-1 had theo- 
retical coding capacities for proteins of 24.4, 13.7, 
27.1 and 9.7 kDa and those of PAV-2 for 24.4, 
14.0, 28.5 and 10.5 kDa proteins respectively. 
ORFs 1-4 were overlapping, whereas ORF-5 was 
not, in either PAV-1 or PAV-2 (Fig. 2). 

The deduced amino add sequences of ORF-1 of 
PAV-1 and PAV-2 were compared with each 
other and to the sequence (Reddy et al., 1995a) of 
the PAV-3 ORF-1 (Fig, 3(a)). An amino add 
identity of 98.6% between PAV-1 and PAV-3 and 
95.0% between PAV-2 and PAV-3 was observed. 
The amino add identity between the correspond- 
ing sequences of PAV-1 and PAV-2 was 96,4%. 

The predicted amino add sequence of the 
protem encoded by ORF-2 of PAV-1 and PAV-2 
revealed an identity of 92.3% (Fig. 3(b)). These 
ORFs also showed amino add identities of 97.4% 
and 94%, respectively, with the corresponding 
ORF of PAV-3. One potential glycosylation sig- 
nal was present at the carboxyl terminus of the 
putative polypeptide in both serotypes. The de- 
duced amino add sequences of the proteins en- 
coded by ORF-3 of PAV-1 and PAV-2 showed a 
high degree of identity (Fig. 3(c)). 81.6% between 
PAV-l and PAV-2, and 70.2% between PAV-1 
and PAV-3. The predicted amino add sequence of 
ORF-3 had two membrane assodated helices. In 
the case of the deduced amino add sequence of 
ORF-4, the amino add identity between PAV-1 
and PAV-2 was 77.6% and between PAV-1 and 
PAV-3 the amino add identity was 79.7% (Fig. 
3(d)). For both ORF-3 and ORF-4 of PAV-1 and 
PAV-2, the putative ATGs conform to the Kozak 
rule for translation. 

The total coding capadty of ORF-5 is un- 
known since only part of the sequence was deter- 
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ostr 3 atart codott 

PAV-l AiGJU\CGCACCAl^ 991 
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1000 
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PAV-l TCTCGAGACGATGATGATGAAGATT TTGAOCTGACCAGCGACACACCAAACGAAGAlCATCCT 1188 

PAV-l AGACCCTGGCCCTGQGATACGTC TATGC CCTCCCCCAGTTOTCTT^^ 1286 
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PAV-l GTCACCCCCTCCAACTGCTCCTCCCOCTTCGAC(yW»T^^ 1482 
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PAV-l ATAGCGCAGCCGCGCACGCCTCGCCAGGTGACGAAACTCTCGAAA 1837 

ribar atart coSSS. 

PAV-l G<yvCCGAAGAAGCACAAGCGCGAiCWrrCCCCGAG<yvCTTCGATC^^ 1937 



PAV-l ACGGATTCCACCAATCCXrrGGACGGGGTG 1966 

till HI iiiMiiiiiiiiiiiim 

PAV-2 ACGGCTTCJVACa^TCCGTGGACGG<iGT6 



2026 



Fig. \. Alignment of nucleotide sequences of the pVm, E-3 and part of the fiber genes of PAV-l and PAV-2. The GC, CAAT and 
TATA boxes and AATAAA signals arc underlined. Transcriptional start (T. start site) and stop (T. stop site) sites and translation 
initiation and termination sites are indicated. 
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Fig. 2. Physical maps of the genomes of PAV-1 and PAV-2 for AzmHL The sequenced regions of the genomes are enlarged and 
the ORFs on the r-strand with a coding capacity for 44 or more amino acids, and the location of TATA and AATAAA signals, 
arc indicated. 



mined. In this region an identity of 90.7% was 
observed between the deduced amino acid se- 
quences of ORF-5 of PAV-1 and PAV.2 (Fig. 
3(e)). When compared with the amino terminal 
region of the fiber of PAV-3, amino acid identities 
of 953 and 90.7% were found between PAV-1 
and PAV-3, and PAV-2 and PAV-3 respectively. 

3.2. Northern blot analysis of E-3 mKNAs in 
PAV-U 2 and 3 

To determine the time of expression of the E-3 
region genes, Northern blot analysis was carried 
out (Fig. 4). In all three serotypes only a single 



band corresponding to approximately 1.6-1.9 kb 
was first detected by 6-8 h p.i. depending on the 
serotype. Transcription from this region contin- 
ued up to at least 14 h p.i. Larger transcripts, 2.8 
and 5.3 kb in size, were initially detected at 12 h 



p,i. 



3 J, Nuclease protection assays 

To map the 5' and 3' ends of the transcripts 
generated from the E-3 region to the DNA se- 
quence, SI nuclease protection assays were used. 
In the case of PAV-3, a probe (905 bp Kpnl-Accl 
fragment) labelled at the 5' end was used to locate 
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Fig. 3. Comparison among (a) the predicted amino acid sequences of ORFs 1 of PAV-l. PAV-2 and PAV-3; (b) the P/f^^^^™ 
acid sequences of ORF 2 of PAV-l. PAV-2 and PAV-S; (c) the predicted amino arid sequences of ORF 3 of P^V;*/^^"*^" 
PAV.3; the potential membrane associated helices arc underlined; (d) the predicted amino arid sequences of ORF 4 of PAV-i 
PAV-2 and PAV-3; and (e) the predicted amino add sequences of the amino terminal regions of the fiber proteins of PAV- 1 . PA v 
and PAV-3. using the Sequence Alignment program: mismatch penally 2. open gap penalty 4 and extended gap penalty I. Potential 
glycosylation signals {N-X-S/T^ are underlined. 
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the 5' end. The observed Sl-resistant band (192- 
195 nucleotides (nt)) indicated that the initiation 
of transcription takes place 22-25 bp downstream 
from the 3' end of a TATA box located within the 
body of ORF-1 (Fig. 5, panel 3). In the case of 
PAV-1 and PAV-2, probes (243 bp Apal-Accl 
fragment) labelled at the 5' ends were used. In 
both serotypes two closely spaced protected frag- 
ments (50-51 nt) were observed (Fig. 5, panels 1 
and 2), indicating that transcription in the E-3 
region initiates 26-27 nt downstream from the 



M 4 6 8 10 12 14 




Fig. 4. Northern blot analysis of the E-3 region of PAV-l 
(upper panel), PAV-2 (nuddle panel) and PAV-3 Oower panel). 
Total cellular RKA was isolated from mock (M) infected or 
virus infected cells (4-14 h pJ.)- Positions of RNA molecular 
weight markers are indicated on the right with their size in kb. 



M V M V - M V 




1 2 3 

Fig. 5. 5* end mapping of mRNAs of the E-3 region of PAV-l. 
PAV-2 and PAV-3. For PAV-1 (1) and PAV-2 (2) the probes 
were 5' end labelled at the Apal site of the Apal-Accl 
fragment For PAV-3 (3) the Kpnl-Accl fragment was la- 
belled at the Accl site. Lanes M and V represent the SI 
nuclease protected fragments with RNA extracted from mock 
and PAV-infected cells, respectively. The sizes of the protected 
fragments (nt) are indicated on the right of each band. 

TATA box at nt 385-386. Analysis of the se- 
quence surrounding the transcriptional start sites 
showed a GC box, a CAAT box, and a GC box 
followed by a TATA box (Fig. 1). 

M V M V M V 



1 2 3 

Fig. 6. 3' end mapping of PAV-I (1), PAV-2 (2) and PAV-3 (3) 
E-3 mRNAs. the probe used is described in the text Lanes M 
and V represent SI nuclease protected fragments using RNA 
extraaed from mock and PAV-infected cells, respectively. The 
sizes of the protected fragments (nt) are indicated on the right 
of each band. 
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Fig. 7. Mapping of potential splice sites of the E-3 raRNAs of PAV.3. The probes used, shown diagrammatically below the mRNA 
line, were the 796 bp Aval fragment (panel A) and the 484 bp Aval fragment (panel BX labeUed at the 3' end, and the 787 bp 
Sacl'Ncol fragment labcUed at the 5' end (panel Q. Lane P represents the probes alone, lanes M and V represent the SI nuclease 
protected fragments with RNA extracted from mock and PAV-3 infected cells, respectively. The sizes of the protected fragments (nt) 
are indicated on the right of each band. 



For 3' end mapping of transcripts of the E-3 
region in PAV.3, the 3' end labeUed 303 bp 
Ncol-Taql fragment was used as a probe (Fig. 
6, panel 3). The lengths of the protected frag- 
ments (214 and 215 nt) indicated that the tran- 
scripts generated from the E-3 region terminate 
25-26 bp downstream from the 3' end of the 
E-3 polyadenylation signal at 1707-1708 nt. In 
the case of PAV-l the 294 bp Ncol-Taql frag- 
ment labelled at the 3' end was used as a probe 
and two closely spaced protected fragments (162 
and 166 nt) indicated that transcription termina- 
tion takes place 32-36 bp downstream from the 
3' end of the AATAAA signal (nt 1699-1703). 
For 3' end mapping of the E-3 transcripts in 
PAV-2 the 3' end labelled 311 bp Avail- Accl 



fragment was used as a probe and a 118 nt 
protected fragment indicateij that transcriptional 
termination occurs 28 bp downstream from the 
3' end of the polyadenylation signal (Fig. 6, pan- 
els 1 and 2). 

To map the splice sites in transcripts of the 
E-3 region of PAV-3, a 796 bp Aval fragment 
(nt 1090-1885) and a 484 bp Aval fragment (nt 
606-1089) both labelled at the 3' end, and a 787 
hp Sacl-Ncol fragment (nt 701-1491), labelled 
at the 5' end, were used as probes (Fig. 7). The 
protected fragments consistently co-migrated 
with the original probes except with the Aval 
796 bp probe, which extended beyond the tran- 
scriptional stop site, in which the protected frag- 
ment migrated below the probe. 
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4. Discussion 

The DNA sequence analysis showed a very high 
degree of homology (>90%) across the se- 
quenced E-3 regions among PAV-1, PAV-2 and 
PAV-3. It was reported earlier that the DNA 
homology among human adenoviruses within a 
subgroup was approximately 85-95%, with the 
exception of subgroups A and D, whose members 
share DNA homology of 70 and 20%, respectively 
(Sussenbach, 1984). Shnilar physical maps (Reddy 
et al., 1995b) and a high degree of DNA homol- 
ogy in the sequenced region among these three 
PAVs suggest that they belong to a single sub- 
group; 

In human and animal adenoviruses, including 
PAV-3, but with the exception of ovine aden- 
ovirus, the E-3 region lies between the genes 
coding for the precursor protein pVIII and the 
fiber protein of the L-4 and L-5 regions of the 
genome, respectively (Cladaras and Wold, 1985; 
Reddy et al., 1995a; Vrati et al., 1995). In the case 
of PAV-1 and PAV-2, since the deduced amino 
add sequence of ORFs 1 and 5 showed a high 
degree of identity with the putative pVIII and 
fiber proteins of PAV-3, it seems very likely that 
ORFs 1 and 5 are the genes coding for the pVin 
and fiber proteins, respectively. Based on these 
observations the E-3 regions of PAV-1 (nt 673- 
1834) and PAV-2 (nt 673-1894) are 1162 and 
1222 bp long, respectively. In PAV-3 and PAV-4 
the lengths of the E-3 regions were foxmd to be 
1179 and 1879 bp, respectively (Reddy et al., 
1995a; Kleiboeker, 1994). Relatively short E-3 
regions (782 bp) have also been reported for 
mouse adenovirus type 1 (MAV-1) (Raviprakash 
et al., 1989), 1.1 kb for CAV-1 (Dragulev et al., 
1991) and 1.5 kb for BAV-3 (Mittal et al, 1992), 
As reported earlier the E-3 regions of animal 
adenoviruses are variable in size, but are consis- 
tently smaller than the E-3 regions of HAV 
genomes (Cladaras and Wold, 1985), and our 
findings further confirm this characteristic of ani- 
mal adenoviruses. 

The present study demonstrated three overlap- 
ping ORFs in the E-3 regions of PAV-1 and 
PAV-2. The E-3 regions of PAV-3 (Reddy et al., 
1995a), PAV.4 (Kleiboeker, 1994), and BAV-3 



(Mittal et al., 1992) also had three overlapping 
ORFs. However, the E-3 region of HAV-2 and 
HAV-5 included ten ORFs (Cladaras et al., 1985). 
The similar sizes and almost equivalent positions 
of the three ORFs of the E-3 regions of PAV-1, 
PAV-2 and PAV-3 further suggest extensive simi- 
larity among the three serotypes. As in the E-3 
regions of PAV-3 and PAV-4, the E-3 regions of 
PAV-1 and PAV-2 have only one polyadenylation 
signal. The E-3 regions of HAVs are divided into 
two y co-termination families depending on 
which polyadenylation signal is used (Qadaras et 
al., 1985). These features of the E-3 regions of 
human adenoviruses, in contrast to those of other 
animal adenoviruses, show that the E-3 regions of 
animal adenoviruses are much simpler in organi- 
zation. 

The putative pVIII genes in PAV-1, PAV-2 and 
PAV-3 were immediately followed by an ORF 
{ORF-2) with potential to encode a polypeptide 
of approximately 14 kDa. The nucleotide se- 
quence at the junction between these two ORFs 
was ATGACTGA, thus the stop codon for the 
pVni polypeptide and the start codon for the 14 
kDa protein ORF overlap by 8 nt (Fig. 1). A 
sequence similar to ORF-2 of PAVs was also 
noticed in HAV.2 (Roberts et al., 1986), HAV-3 
(Signas et al., 1986) and CAV-2 (Linne, 1992). 
Since this ORF is conserved in a number of 
adenoviruses, it is very likely to be fxmctional. The 
deduced amino add sequence of ORF-2 in PAV- 
1, PAV-2 and PAV-3 showed a high degree of 
identity ( > 92%) among the three viruses, and a 
lesser degree of homology with the putative 
polypeptide encoded by ORF-2 of the E-3 region 
of CAV-2 (Linne, 1992). In CAV-2 and HAV-2 
the ORF-2 of the E-3 region is foDowed by a 
putative L-4 polyadenylation signal (Cladaras et 
al., 1985; Linne, 1992) but no such signal was 
found, in the E-3 regions of PAV-1, PAV-2 and 
PAV-3. 

The predicted amino acid sequence of ORF-3 
of the £-3 regions in PAV-1, PAV-2 and PAV-3 
revealed two membrane associated helices. This 
19 kDa E-3 protein of HAV-2, which binds to 
MHC class I antigens, also has two hydrophobic 
domains. A third apolar domain is located imme- 
diately C- terminal to the NCS consensus motif of 
PAV-1 and PAV-2. 
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The deduced amino acid sequence of ORF-4 of 
PAV-1 and PAV.2 showed a high degree of iden- 
tity between the two serotypes and with the corre- 
sponding ORF of PAV-3. The functional 
significance of the^e ORFs is currently unknown. 
The N-tenninus of the putative fiber protein, rep- 
resenting the tail region, was identified in ORF-5 
by alignment of the deduced amino acid sequence 
with the N-terminal 43 amino adds of the PAV-3 
fiber protein. The sequence PVYPYD, shown to 
be important for binding of the tail region of the 
fiber to the penton base (Devaux et al., 1987), was 
also detected in ORF-5 of PAV-1 and PAV-2 
(Fig. 3(e)). 

In HAV-2, transcription from the E-3 region 
was detected by 2 h p.i., and with the onset of 
DNA rephcation it increased 3-10 fold, which 
was attributed to an increase in the number of 
DNA templates (Shaw and Ziff, 1980). In the 
present study the Northern blot analysis indicated 
that transcription from the E-3 regions of PAV-1, 
PAV-2 and PAV-3 begins 6-8 h p.i. The levels of 
transcription, as in HAV-2 were found to increase 
up to 14 h p.i. (the last time period tested). The 
Northern blot studies indicated that transcription 
from the E-3 regions be^s by 6 h p.i., which is 
prior to onset of PAV-3 DNA replication (data 
not shown). Consequently, as for other aden- 
ovirus E-3 regions, that for PAV was considered 
to be transcribed early. The 1.6-1.9 kb size esti- 
mated for the PAV-1 and PAV-2 E-3 transcripts 
was somewhat longer than the 1.3-1.4 kb size of 
the E-3 coding region. Since there is a polyadeny- 
lation site at the 3' ends of both E-3 genes and 
since all adenoviral transcripts are polyadeny- 
lated, the extra length noted for both E-3 tran- 
scripts could be due to the addition of a poly (A) 
tail. 

In the 5' and 3' end mapping experiments, two 
or three closely spaced bands of protected DNA 
were seen. This could be either a consequence of 
SI nuclease 'nibbling* into the RNA-DNA hy- 
brids or it could be due to heterogeneous tran- 
scription initiation and termination sites. In 
nuclease experiments, miiltiple bands of nuclease 
protected fragments are usually seen because 
RNA-DNA hybrids breathe at the ends and nu- 
clease 'nibbles' into the hybrid (Cladaras et al., 



1985). Heterogeneous transcription initiation sites 
were also reported for HAV-5, HAV-2 and other 
viruses (Qadaras et al., 1985). 

In HAV-2, HAV-5 and MAV-1, transcriptional 
control elements were shown to be located up* 
stream of the transcriptional initiation site of the 
E-3 region (Baker and Ziff, 1981; Cladaras et al., 
1985; Beard et al., 1990). Lee et al. (1982) re- 
ported that the sequences upstream of the tran- 
scriptional start site were essential for efficient 
initiation of transcription of HAV-2 mRNA in 
vitro. The sequence upstream of the transcrip- 
tional initiation site in each of the three PAVs 
included a GC box, a CAAT box, and a GC box 
followed by a TATA box. A typical eukaryotic 
promoter also contains a similar structure. There- 
fore these sequence motifs might act as transcrip- 
tional control elements for the E-3 regions in 
PAVs. The polyadenylation signal AATAAA is 
required for the generation of 3' ends by cleavage 
of the primary transcript. The E-3 regions of 
PAV-1, PAV-2 and PAV-3 also had canonical 
polyadenylation signals upstream of the transcrip- 
tional termination sites. 

The transcriptional start and stop sites of the 
E-3 regions of these PAVs indicated that the L-4 
region overlaps the E-3 region, and the L-5 region 
starts just downstream of the E-3 region. A simi- 
lar genomic organization was reported for human 
and murine adenoviruses (Cladaras et al., 1985; 
Beard et al.. 1990). 

In human and murine adenoviruses alternative 
splicing is used to generate overlapping mRNAs 
(Signas et al., 1986; Beard et al., 1990; Cladaras et 
al., 1985), In the case of PAV-3, SI nuclease 
protected fragments consistently co-migrated with 
the probes. This could be due to either very low 
levels of spliced mRNAs or lack of splicing in the 
primary transcript of E-3. One way to circumvent 
the low abundance of spliced mRNAs would be 
to construct cDNA libraries and then determine 
the structure of the resulting clones. 
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